Worldwide, Klebsiella pneumoniae is an increasingly problematic opportunistic pathogen, with the emergence of carbapenem-resistant isolates of special importance. The mechanisms of virulence are poorly understood, and the current study utilized the invertebrate model Galleria mellonella to investigate facets of the virulence process. A range of UK clinical isolates and reference strains was assessed in Galleria by measuring survival as an end point. The clinical strains showed a range of virulence, with the majority of strains (68 %) causing greater than 50 % mortality at a challenge dose of 1¾10 5 c.f.u. Three additional intermediate read-outs were developed to allow the mechanisms of virulence of Klebsiella to be dissected further. The release of lactate dehydrogenase as a marker of cell damage was the best predictor of virulence. Melanization as a marker of the insect innate immune system and ability to proliferate within Galleria as a marker of immune evasion also broadly correlated with survival but with some notable exceptions. No direct correlation was observed between virulence and either K1 or other defined capsular types, the carriage of defined virulence factors or particular functional phenotypes. Overall, the study showed that Galleria can provide significant insights into the mechanisms of virulence, and that this can be applied to the study of opportunistic human pathogens.
INTRODUCTION
Klebsiella spp., and in particular Klebsiella pneumoniae, are nosocomial pathogens of escalating importance. Although K. pneumoniae generally infects immunocompromised or debilitated individuals, isolates often display resistance to a number of antibiotics, making treatment difficult. In the UK, the total incidence of bacteraemia reported by a voluntary surveillance scheme indicated that, between 2006 and 2011, Klebsiella infection exhibited an increase of 11 %. The majority of bacteraemia belonging to Klebsiella were caused by K. pneumoniae (74 %) and Klebsiella oxytoca (21 %) (Health Protection Agency, 2012) .
The extensive use of broad-spectrum antibiotics has led to an increase in cases of Klebsiella infection and a rise in the spread of multidrug-resistant strains. A variety of CTX-M type extended-spectrum b-lactamases (ESBLs) found in Klebsiella has led to carbapenems being the therapeutic agent of choice for treatment of these infections. The first reported case of resistance to carbapenems and the identification of K. pneumoniae carbapenemase in the UK occurred in 2007 (Woodford et al., 2008) . Recent isolates from the UK have been shown to harbour important antimicrobial resistance genes and metallo-b-lactamases, such as New Delhi metallo-b-lactamase-1 (NDM-1) and oxacillinase-48 (OXA-48) (Nordmann et al., 2011) .
A number of potential virulence factors have been identified in Klebsiella including adhesins, lipopolysaccharide, iron-scavenging systems and factors involved in serum resistance (Podschun & Ullmann, 1998) and biofilm formation (Wu et al., 2011) . Perhaps the most wellcharacterized pathogenicity factor is the capsular serotype (K type), whose function is to protect against the bactericidal action of host serum and also to impair phagocytosis. Over 80 capsular antigens have been identified, of which 77 form the basis of an internationally recognized serotyping scheme. Several studies have implicated serotypes K1 and K2 in particular as highly virulent in mice and have shown an association with severe infections in humans (Fang et al., 2007; Yu et al., 2008; Lin et al., 2010) .
The use of alternative animal models has become increasingly important for studying bacterial infection and host interaction. Although insects lack the complexity of a mammalian immune response, there are several elements of the innate immune response that are remarkably similar in both insects and mammals (Salzet, 2001; Kavanagh & Reeves, 2004) . Insects contain phagocytic cells called haemocytes, which are able to aggregate to encapsulate foreign micro-organisms (Marmaras & Lampropoulou, 2009) . Activated haemocytes trigger a phenoloxidase (PO) or melanization reaction, which results in coating of the pathogen with melanin, similar to the mammalian complement system (Cerenius & Söderhäll, 2004) . Insects are also able to synthesize a range of antimicrobial compounds including defensins, lysozymes and cationic proteins, which are active against a range of bacteria (Powning & Davidson, 1973; Engström et al., 1984; Raj & Dentino, 2002) .
Galleria mellonella (wax moth larvae) is becoming more widespread as an alternative animal model for the study of pathogenic bacteria. In many cases, there is a correlation between virulence in Galleria and that in mice (Jander et al., 2000; Brennan et al., 2002; Wand et al., 2011) . Studies have shown that similar virulence genes may be required for infection in Galleria and mice (Salamitou et al., 2000; Hendrickson et al., 2001 ).
Here, we used G. mellonella as an infection model to study the virulence and host interaction response against a range of UK Klebsiella isolates from a variety of clinical settings. We showed that Galleria were able to distinguish between the virulence of different Klebsiella isolates and that the more virulent isolates showed increased survival and host cellular damage than those that were avirulent.
METHODS
Bacterial strains and culture conditions. The Klebsiella strains used in this study are summarized in Table 1 . K. pneumoniae strains TW3, 4, 5, 6, 9, 11, 12, 15, 16, 17, 18, 19, 20 and 25 have been described previously (Turton et al., 2010) . MGH 78578 (ATCC 700721) is a sequenced K. pneumoniae strain. Other strains were either obtained from the National Collection of Type Cultures (NCTC) or were isolated from patients in UK hospitals between 2003 and 2012, including a group of eight closely related strains from a hospital outbreak. All strains were grown in tryptic soy broth with aeration or on tryptic soy agar plates at 37 uC, unless otherwise stated.
Detection of virulence genes in Klebsiella. PCR was performed on all isolates to amplify the virulence genes listed in Table 1 . Specific primers for capsular type, rmpA and wcaG have been listed by Turton et al. (2010) . Primers for fimH, uge, wabG, kfu, ureA, allS and mrkD have been given by Brisse et al. (2009) . The aerobactin primers used were Aero F1 (59-GCATAGGCGGATACGAACAT-39) and Aero R1 (59-CACAGGGCAATTGCTTACCT-39).
Analysis of biofilm formation. The ability of Klebsiella strains to form biofilms was tested using a modification of the Calgary biofilm method (Ceri et al., 1999) and is the same as that published previously (Wand et al., 2012) . Absorbance at 570 nm (A 570 ) was measured using a FLUOstar Omega plate reader (BMG Labtech). Biofilm formation was scored relative to the absorbance value (+++, ¢0.4; ++, 0.2-0.4; +, 0.1-0.2 and +/2, ,0.1).
G. mellonella killing assays. Wax moth larvae (G. mellonella) were purchased from Livefood UK Ltd and were maintained on wood chips in the dark at 15 uC until used. Bacterial infection of G. mellonella and determination of intracellular bacterial numbers was essentially as described by Wand et al. (2011) . Plates were incubated overnight at 37 uC to allow the bacteria to grow. All experiments were carried out in triplicate.
Melanization and PO assay. Galleria were infected with strains of K. pneumoniae as described above and after 4 h the larvae were chilled on ice for 10 min and then washed with ice-cold ethanol. They were then sacrificed and the haemolymph from groups of 10 Galleria pooled. The pooled haemolymph was analysed by measuring optical density at 490 nm (OD 490 ) using a FLUOstar Omega microplate reader (BMG Labtech). Uninfected Galleria were used as a control, and sample readings were scored relative to the uninfected control to correct for background. Galleria infected with PBS alone was also used as a control. All experiments were performed in triplicate. The PO assay was as described by Eleftherianos et al. (2006) .
Lactate dehydrogenase (LDH) assay. Galleria were infected with strains of K. pneumoniae as described above and the haemolymph was collected after 4 h as described for the melanization assay. An LDH assay was carried out using a CytoTox 96 Non-Radioactive Cytotoxicity Assay according to the manufacturer's protocol (Promega). The haemolymph was diluted 10-fold in sterile PBS. Results were analysed using a FLUOstar Omega microplate reader (BMG Labtech) at A 490 . Haemolymph from uninfected Galleria were used as a control and the observed A 490 readings were subtracted from the infected haemolymph readings in order to correct for the background. All experiments were performed in triplicate.
Phenotypic analysis of Klebsiella isolates. Urease tests were carried out using Christensen's urea agar (Christensen, 1946) . Cultures were scored as positive (+) after 24 h if they showed obvious colour change and as (+/2) if there was slight colour change at the tip of the slope. Strains that were scored as negative (2) showed no colour change, even after 6 days of incubation at 35 uC. Protease activity was determined using a casein hydrolysis test by spotting 2 ml of bacterial culture (OD 600 1.0) onto Luria-Bertani agar plates supplemented with 2 % (w/v) skimmed milk powder. Positive (+) activity was indicated by the presence of a clear halo around the colony after 24 h incubation at 37 uC. Lipase activity was determined by the ability of bacteria to hydrolyse the lipid Tween 80. Two microlitres of bacterial culture (OD 600 1.0) was spotted onto plates containing 1 %, w/v, peptone; 0.5 %, w/v, NaCl; 0.01 %, w/v, CaCl 2 ; 1.5 %, w/v, agar and supplemented with 2 % (v/v) Tween 80. Positive activity was determined by precipitation of the calcium chloride and the appearance of a turbid zone around the colonies. Siderophore production was measured according to the protocol described by Schwyn & Neilands (1987) . Congo red staining to show cellulose activity/curly fimbriae production was carried out essentially as described by Baugh et al. (2012) .
Statistical analyses. Unpaired two-tailed Student's t-tests were performed for the statistical analysis. All analysis was performed on three or more independent experiments using Graphpad Prism software.
RESULTS AND DISCUSSION
A G. mellonella model is able to differentiate between levels of virulence in clinical strains of Klebsiella
The virulence of 50 strains of Klebsiella was investigated in Galleria at an infectious dose of 1610 5 and 1610 4 c.f.u (Fuursted et al., 2012) .
Clonally related strains from a hospital outbreak, as defined by their pulsed-field gel electrophoresis profile (Steve Green, personal communication), were shown to be M 1 M 2 M 3 2 6 1 9 2 3 4 4 2 6 2 7 2 3 3 4 2 2 7 4 2 6 6 0 2 6 3 8 2 6 0 9 5 5 9 6 5 4 9 0 0 5 5 2 2 6 4 4 6 9 1 9 6 9 1 8 7 0 3 9 7 2 2 7 5 At 24 h post-infection, the number of alive versus dead larvae was determined and the number of larvae alive was scored as a percentage. Results are shown as the means±SEM of three independent experiments. Several strains had capsular type K1 or K2, of which many of the K1 strains belonged to the phenotypically important clonal complex 23 (CC23). 'Known' indicates that the capsular type is known, whilst 'unknown' indicates that the capsular type is unknown but is not capsular type K1, K2, K5, K20, K54 or K57. Strains 2619 to 2609 (left to right along x-axis) are from an outbreak and are closely associated according to pulsed-field gel electrophoresis typing. different in terms of virulence profile, ranging from less than 20 % (strains 2344 and 2609) to more than 90 % Galleria mortality at a 1610 4 c.f.u challenge dose (strains 2619, 2627 and 2274). This suggested that, whilst these strains are closely related, there are important genetic differences that are reflected in their virulence in Galleria. Future studies will compare the whole genome sequence of the high-and low-virulence isolates to help to understand the genetic basis for the different phenotypes.
The G. mellonella model can be used to demonstrate differences between K. pneumoniae strains that have similar virulence
To develop a greater understanding of the mechanisms of virulence and pathogenesis, a number of intermediate read-outs were applied to the Galleria infection model. A panel of Klebsiella strains with a range of virulence in Galleria was selected for further testing. Analysis at time points prior to Galleria mortality were used to compare the ability of strains to proliferate within the haemolymph and activate the PO/melanin insect defence system and the ability to cause host cellular damage.
Melanin produced during the insect host response to pathogen invasion coats bacteria, resulting in prevention or retardation of its growth. All Klebsiella strains that were able to kill Galleria triggered melanization via a prophenoloxidase (PPO) cascade, and the broad correlation with virulence was consistent with many bacteria including other opportunistic pathogens, such as Pseudomonas aeruginosa and Acinetobacter baumannii. An important component of this cascade is PO, which catalyses the early steps in this pathway (Söderhäll & Cerenius, 1998) . The activation of the PPO cascade is considered a critical humoral defence reaction against bacterial invasion (Ashida, 1990) and is responsible for the production of highly reactive and toxic quinone intermediates (Cerenius & Söderhäll, 2004) .
To quantify the melanization reaction associated with infection of Galleria by Klebsiella and to show whether this correlated with levels of virulence, Galleria larvae were infected with approximately 1610 5 c.f.u and the levels of melanin in the haemolymph were measured (Fig. 2) . All strains caused some degree of melanin production relative to the PBS control, but, in general, those strains that caused a greater degree of Galleria mortality showed increased levels of melanization (e.g. 20, NCTC 13368, 6 and TW3). Those strains with low Galleria mortality rates showed little increase in melanin production, which was reflected in the Galleria showing no signs of cuticle darkening (e.g. 16, 25 and 12). There were exceptions, such as NCTC 9633 and NCTC 13443, which showed comparable levels of melanization with highly virulent strains. Those strains that produced little melanization (16 and 25) also showed background levels of PO activity after 60 min, suggesting that these strains did not trigger a sustained PPO response. The more-virulent strains (NCTC 13368 and 6) showed significantly increased levels of PO activity relative to the uninfected control (P,0.01) (data not shown).
To investigate whether melanization, and therefore virulence, was related to bacterial survival and replication within Galleria, strains that showed a range of virulence and melanization were further analysed. Bacterial replication within Galleria was analysed by sacrificing larvae that had been infected with an initial dose of approximately 1610 5 c.f.u (Fig. 3a) . After 4 h, which is when melanization is beginning to be observed for virulent strains, the number of bacteria in the haemocoel was determined. All strains except 16 and 25 showed a significant increase (P,0.01) in the number of bacteria in the haemocoel relative to their input. Typically, those with increased virulence (TW3, 6, NCTC 13368 and NCTC 13439) showed higher bacterial numbers. Previous studies have shown that increased bacterial replication in Galleria is correlated with enhanced virulence (Wand et al., 2011) . To ascertain that these differences were not caused by an inability to survive within the haemolymph, all strains were tested for their growth kinetics in Grace's insect medium over 24 h. Although there were differences in growth rate among strains, there was no obvious correlation between doubling time and virulence (data not shown). Avirulent strains were able to survive and proliferate in insect medium, indicating that these strains lack certain virulence factors or are targeted more aggressively by the Galleria's immune system. The intriguing observation here was that three strains with low virulence (11, 15 and NCTC 9633) were able to trigger melanization at similar levels to more highly virulent strains, whilst other low-virulence isolates (25 and 12) did not. This was despite the fact that strains 12 and NCTC 9633 proliferated to similar levels within the haemocoel. This suggested that different strains are able to interact with and/or suppress different parts of the insect humoral response.
After bacterial invasion, there is often an increase in the level of LDH, a marker of host cellular damage due to its release from damaged and apoptotic host cells. Galleria were infected with approximately 1610 5 bacteria, sacrificed after 4 h, the haemolymph isolated and the amount of LDH determined (Fig. 3b) . Release of LDH correlated broadly with virulence of the challenge strain, with avirulent or lowvirulence strains resulting in low levels of LDH release. Infection with strains 25 or 16, which showed negligible melanization levels and reduced bacterial survival, was unable to cause cellular damage above the PBS control. Other low-virulence strains (19, NCTC 9633 and 12) produced an intermediate level of LDH (A 490 between 0.2 and 0.4), but all virulent strains (TW3, 6, NCTC 13368, NCTC 13439) caused high levels of cellular damage (A 490 .0.4). It is possible that this difference in LDH release reflects carriage and/or expression levels of specific virulence factors affecting host-cell membrane permeability.
That different strains of K. pneumoniae are able to produce a range of host responses is perhaps not surprising.
Previous research has shown that not all human serumresistant Klebsiella strains are able to activate the human complement pathway (Albertí et al., 1996) . Listeria monocytogenes mutants have different effects on haemocyte viability: infection with those that caused no Galleria death had an increased haemocyte viability compared with the more virulent mutants (Joyce & Gahan, 2010) . Diverse strains are also likely to elicit different production of cytokines and antimicrobial peptides such as lysozyme and gallerimycin (Mukherjee et al., 2010) . Different strains of enteropathogenic Escherichia coli activate the host to produce differing levels of antimicrobial peptides cecropin and gloverin after infection (Leuko & Raivio, 2012) . Analysis of the immune gene repertoire of Galleria has identified two peptidoglycan recognition proteins, which interact with bacterial peptidoglycan (Vogel et al., 2011) . This in turn activates Toll-like receptors and the production of antimicrobial effectors including apolipophorin III. Although Klebsiella has been found to be very susceptible to apolipophorin III, only one strain was tested (ZdybickaBarabas & Cytryń ska, 2011). Therefore, it is entirely plausible that different strains would activate peptidoglycan recognition proteins to a differing extent, resulting in a signal that would affect the propensity of the immune response. Whether more-virulent strains are able to cause mortality in Galleria due to their ability to evade, decrease the strength of or simply overwhelm the immune response is unknown but is worth further investigation.
Phenotypic characterization and lack of correlation with virulence in Galleria All strains were genetically typed for K1 and K2 capsular type and known potential virulence factors including ironscavenging systems, LPS biosynthesis genes, and the fimbrial and non-fimbrial adhesins listed by Yu et al. (2008) , Brisse et al. (2009) and Turton et al. (2010) . The presence/absence of these genes [rmpA (present in 20 % of strains), wcaG (18 %), fimH (100 %), uge (90 %), wabG (94 %), aerobactin (Aero; 18 %), kfuB (32 %), ureA (100 %), allS (10 %) and mrkD (96 %)] is shown (Table 1 ).
Capsular serotypes K1-K6 have a close association with septicaemia and severe respiratory infection in humans (Simoons-Smit et al., 1985; Kabha et al., 1995) . In particular, serotypes K1 and K2 predominate in highly invasive disease and liver abscess formation (Fang et al., 2007) , and a non-capsulated isogenic K1 mutant was more rapidly phagocytosed than K1 and K2 strains of K. pneumoniae (Fung et al., 2011) . However, others have shown that it is the clonal complex (CC) rather than capsular type that is more important in disease (Brisse et al., 2009 ). Among the strains tested here, six were K1 capsular serotype, including several members of the virulent CC23 K1 complex, and seven strains were of K2 capsular type. Although many strains with these capsular types were highly virulent in Galleria, there were other strains, such as NCTC 5054 (K1), NCTC 13443 and KPUK04a (K2), that showed low Galleria virulence. This is consistent with murine experiments with CC type rather than capsular type being more important in virulence (Brisse et al., 2009) .
Subsequent phenotypic analysis of all isolates under normal growth conditions in rich medium again confirmed the complex pathogenicity of Klebsiella, with no specific characteristic showing correlation with virulence in Galleria (Table S1 , available in JMM Online). Klebsiella is a poor catalase producer and no isolates showed lipase activity. Previously, lipase activity was only detected in 3.5 % of isolates tested (Sekowska et al., 2006) . In our study, 26 % of strains, including all the outbreak strains, were positive for protease activity, but no correlation was observed between virulence in Galleria and protease production, which is a similar observation to that seen in mice (Trishin et al., 2004) . Like A. baumannii (Wand et al., 2012) , biofilm formation was variable, but this variance did not correlate with virulence. All strains except KPUK04a were positive for cellulose production and one strain (16) appeared to be positive for curli-like fimbriae production, as indicated by intense Congo red staining. Small foci of Congo red staining were observed in other strains, suggesting the possibility of growth-dependent expression of 'functional amyloid' on the cell surface (data not shown). Curli have been thought to be involved in adherence to epithelial cells and, together with cellulose, form an adhesive matrix structure involved in biofilm formation and host colonization (Saldaña et al., 2009 ). Iron acquisition is often critical to bacterial survival within the host, and increased siderophore production has been linked with a hypervirulent clinical variant of Klebsiella (hvKP) (Russo et al., 2011) . Whilst approximately 40 % of all strains tested contained at least one of the Aero or kfu genes, siderophore production was not enhanced in these strains (data not shown).
All strains tested contained ureA, which encodes one of three structural subunits of urease. However, there were differences in urease levels under the conditions tested. Urease is thought to be involved in intestinal colonization and resistance to gastrointestinal stress, with a urease mutant showing decreased adhesion to intestinal cells after exposure to bile and reduced colonization of a murine model when in competition with its parental strain (Maroncle et al., 2006) . Urease is also likely to have differing importance depending on the site of infection.
Overall, this suggests that either the virulence factors studied are not important in Galleria or, more likely, no single specific characteristic or virulence factor is responsible for virulence in Galleria. Successful infection may depend on a number of factors, including colonization, activation/suppression of the host immune system and potential toxin production.
Conclusion
Here, 50 clinical strains of Klebsiella were characterized for the presence of specific virulence factors, certain phenotypic characteristics and their ability to cause death in the alternative animal model, G. mellonella. The pathogenesis of 10 strains was characterized in more detail to understand the host response as measured by melanization, replication within the host and host-cell damage. All strains except those that were avirulent were able to survive the initial immune response and proliferate within Galleria. Strains that produced high levels of host-cell damage, as measured by LDH, rapidly progressed to kill Galleria. This was irrespective of the size of the immune response, as assessed by melanization. There were strains of intermediate or low virulence, which, whilst they were able to evade the initial immune response, either did not possess the virulence factors necessary to cause Galleria mortality or proceeded with the infection too slowly so that they were eventually eliminated by the immune system. This study shows that Galleria is a useful model for assessing factors that contribute to Klebsiella virulence. Given the opportunistic nature of this pathogen and the lack of adequate animal models available, Galleria offers an attractive option to understand facets of the infection process and respective immune response. We hope to use these findings, in conjunction with whole-genome sequence analysis of some of the isolates identified, to understand the pathogenic nature of Klebsiella with the aim of providing models for assessing anti-infective therapies and other treatment options.
